The granule size distribution of starch strongly influences its physicochemical properties and the functionality of wheat. Twelve wheat cultivars grown in east China's Huanghuai region were used for investigating the granule size distribution, amylose content, and their interrelationship. The results showed that the volume distribution of starch granules show the typical bimodal with peak values in the ranges of 4.44-5.36 μm and 21.7-23.82 μm, respectively. Surface area distribution of granules was also bimodal with peak values in the ranges of 2.53-3.06 μm and 19.8-21.7 μm, respectively. The limits between the two populations both occurred at 10 μm. A typical population of number distribution of granules with peak values in the range of 0.52-0.67 μm. Proportions of granules <2.6 μm, 2.6-10 μm, and 10-40 μm were in the range of 10.06-13.63%, 28.54-41.6%, and 45.4-61.3% of total volume, respectively. Proportions of granules <10 μm were in the range of 99.9% of the total number. The amylose content was significant and negatively correlated to volume percentage of granule <10 μm, and significant and positively correlated to the volume percentage of granule 22-40 μm.
Introduction
In cereal endosperm, the starch is deposited in the endosperm as discrete semi-crystalline aggregates known as starch granule (Paul 1997) , which constitutes 65-75% of the wheat (Triticum aestivum L.) grain weight (Matsushima et al. 2014) . Wheat starch granules can be divided into A and B types according to their size and shape (Meredith 1981; Soulaka and Morrison 1985) . B-type starch granule, usually ball-shaped, with diameter ranges from 1 to 10 μm, amounts for more than 90% of the total number of starch granules. In contrast, A-type starch granule, discoid or lenticular in shape, with diameter ranges from 10 to 35 μm, amounts for 3% of the total number of endosperm starch granules (Lineback 1984; Stoddard 1999) . The large A-type and the small B-type starch granules have different physicochemical and functional properties (Casey et al. 1997; Ellis et al. 1998; Hurkman et al. 2003; Morrison 1988 ).
These differences between both granule types result in differential applications in industrial food and nonfood applications. The granule size is correlated with some physicochemical and functional properties of starch such as granule crystallinity, thermal properties, pasting, swelling, baking, and solubility (D'Appolo and Gilles 1971; Kulp 1973; Langeveld et al. 2000; Wong and Lelievre 1982; Zhou et al. 2015) . Ponte et al. (1963) concluded that the percentage of B-type starch granule was significantly correlated with the flour breadmaking quality. Similarly, Soh et al. (2006) reported that an increase in the small granule (<10 μm) content increased the farinograph water absorption and improved pasta quality.
Starch is composed of two types of polysaccharide molecules, amylose, and amylopectin. Various reports have linked higher peak paste viscosity of wheat starch to lower amylose contents (Zeng et al. 1997) . Oda et al. (1980) found that eating quality of udon noodles was negatively correlated with amylose content in wheat grain.
There are a few reports about wheat starch granule size distribution. However, little was known about the starch granule size distribution and its relationship to amylose content in grain from the wheat cultivars in east China's Huanghuai region. Therefore, the objective of this study was to investigate the starch granule size distribution in grain of wheat cultivars in Huanghuai region, and to determine its relationship to amylose content in wheat grain.
Materials and Methods
The field experiments were carried out at Fengyang Experimental Station, Fengyang (32°51′N, 117°33′E) during the wheat growing seasons from November 2011 to May 2012 and from November 2012 to May 2013. The soil was sandy loam. The basal fertilizer was applied at the rate of 120 kg ha −1 N, 75 kg ha −1 P 2 O 5 , 120 kg ha −1 K 2 O before planting. 120 kg ha −1 N was top-dressed at the turning green of wheat in the spring. The treatments were arranged in a randomized complete design with three replications for each cultivar. The plot size was 2.5 × 6 m with 8 rows (20 cm between rows). Seeds were sown on 17 November 2011 and 15 November 2012 with density of 180 plants m −2 . Other cultural practices followed the precise high-yielding cultivation system of Yu (1990) .
Plant materials
Twelve high-yield wheat cultivars (Triticum aestivum L.) currently used in local wheat production were evaluated: Yannong19, Jimai22, Wanmai36, Annong0305, Wanmai29, Shannong12, Huaimai25, Hongwan88, Shannong8355, Shannong1391, Gaocheng8901, and Wanmai54. At the maturity, wheat kernels were dried at 70°C for 48 h for starch granules size analysis and amylose content determination.
Starch isolation and purification
Starch was extracted from the wheat cultivars according to the methods of Malouf and Hoseney (1992) and Peng et al. (1999) with some modifications. Wheat kernels (3 g) were steeped in 30 mL double distilled water at 4°C for 24 h. The softened seeds were degermed and ground with a mortar and pestle in double distilled water until essentially all starch granules were released. The slurry was filtered through a 74 μm screen and centrifuged at 1700g for 15 min to the crude starch. The crude starch was purified thrice using 25 mL of 2 mol L −1 NaCl, 0.2%NaOH, 2%SDS, and double distilled water, respectively. The starch was washed once with acetone to remove water and SDS remnant. Then it was air-dried at room temperature and stored at −40°C.
Particle size analysis
Particle size characteristics of starch were determined by using a LS13320 laser diffraction particle size analyzer (Beckman Coulter, Miami, FL, USA). About 50 mg of starch was suspended with 5 mL of double distilled water in 10-mL Eppendorf tubes. After aligning the instrument and background measurements, the starch suspension was transferred into the laser diffraction particle size analyzer's dispersion tank containing double distilled water. Starch granule size was measured when sufficient dispersion was added to obtain an obscuration of 8-12%.
Amylose determination
Amylose content of the wheat grain was carried out following the procedure of He (1985) . Apparent amylose content (AAM) was determined before removal of flour lipids. Total amylose content (TAM) was measured after removal of flour lipids with petroleum ether.
Statistical analyses
Analysis of variance (one-way ANOVA) was performed with the SPSS statistical analysis package (SPSS Inc., Chicago, IL, USA). When significant treatment effects were detected, multiple comparisons among the treatments were carried out using Tukey's range test. Pearson's correlation coefficients were calculated to determine the relationship between starch granule volume percentage and amylose content. The experimental data from 2012 to 2013 were reported in this paper.
Results

Granule size distribution
A drop of starch suspension (1 g L −1 ) was spread on a microscope slide and air-dried. Then the slide was placed on a light microscope. Figure 1 demonstrates that starch granules of wheat cultivars were purified well during the isolation and purification procedure.
The starch granule distribution of all the cultivars showed a similar tendency. The diameters of starch granules ranged from 0.375 to 45 μm in mature grains. Figure 2 showed a typical bimodal curve in the volume and surface area distribution, in which the valley granule diameter was the cut-off of A-and B-type granules, 10 μm or so, and a typical population of number distribution of starch granules with peak values in the range of 0.52-0.67 μm. The peak value diameters in volume distribution were in the ranges of 4.44-5.36 μm and 21.7-23.82 μm, and those in the surface area distribution were in the ranges of 2.53-3.06 μm and 19.8-21.7 μm, respectively.
Volume distribution
Means for the volume distribution of granules are given in Table 1 . In this study, 99.9% of the volume came from granules of <40 μm. Only about 0.1% of the volume was distributed by granules of >40 μm. The volume of B-type starch granules (<10 μm) comprised about 38.6-54.6% of the total volume. And contribution from the A-type starch granules (10-40 μm) to the total volume was 45.4-61.3%.
Contribution of the small granule population (<2.6 μm) to the total volume was 10.06-13.63% (Fig. 3A) . Means for volume% of granules in this group were higher in Hongwan88 and Annong0305; and lower in Shannong1391. Volume percentage of granules of 2.6-10 μm (midsize) was in the range of 28.54-41.6% (Fig. 3B) . Wanmai36 had the highest mean and Shannong1391 had the lowest mean. Variability within the large starch granule population from twelve cultivars was appraised by dividing the group into two regions of 10-22 μm (Fig. 3C ) and 22-40 μm (Fig. 3D) . The proportion of granules 10-22 μm was higher in Shannong12, lower in Wanmai54, Wanmai36, and Hongwan88. And the proportion of granules 22-40 μm was higher in Shannong1391, lower in Annong0305 and Hongwan88.
Number distribution
Proportions of granules <2.6 μm and <10 μm were in the range of 94.23-96% and 99.9% of total number, respectively (Table 2) , which showed that number of granules was made up of B-type starch granule. Note: Means within columns followed by different letter are significantly different at P = 0.05.
Contribution from the starch granules <0.6 μm to the total number was 30.27-43.67%. And the variability of the smallest starch granule among cultivars was highly significant. The number percentage of granules <0.6 μm was higher in Wanmai36, lower in Annong0305.
Surface area distribution
Surface area distribution of starch granules of different size groups was given in Table 3 . Proportions of granules <10 μm were in the range of 93.03-96.8% of total surface area among twelve cultivars. The small starch granules (<2.6 μm) occupied 43.1-48.73% of total surface area. Contribution of the size groups of 2.6-10 μm and 10-40 μm to the total surface area were 46.67-50.2% and 3.2-6.96%, respectively.
Amylose content
Total amylose (TAM) contents of the lipid-free starches, apparent amylose (AAM) contents of the starches with lipid present and lipid-complexed amylose Fig. 3 . Volume% of starch granules in four size classes: granules <2.6 μm (A); 2.6-10 μm (B); 10-22 μm (C); 22-40 μm (D). Values in the figure are means ± SD. 1: Yannong19; 2: Jimai22; 3: Wanmai36; 4: Annong0305; 5: Wanmai29; 6: Shannong12; 7: Huaimai25; 8: Hongwan88; 9: Shannong8355; 10: Shannong1391; 11: Gaocheng8901; 12: Wanmai54. Table 2 . Number distribution of starch granules in wheat grain (%).
Cultivars
Particle diameter of starch granule (μm) <0.6 <2.6 <10 >10 Yannong19 36.83 ± 0.12d 95 ± 0.01cd 99.9 ± 0a 0.1 ± 0a Jimai22 31.2 ± 0.1gh 94.37 ± 0.06f 99.9 ± 0a 0.1 ± 0a Wanmai36 43.67 ± 0.06a 96 ± 0.01a 99.9 ± 0a 0.1 ± 0a Annong0305 30.27 ± 0.65h 94.27 ± 0.15f 99.9 ± 0a 0.1 ± 0a Wanmai29 34.8 ± 0.01ef 95 ± 0.01cd 99.9 ± 0a 0.1 ± 0a Shannong12 31.9 ± 0.35g 94.9 ± 0.1de 99.9 ± 0a 0.1 ± 0a Huaimai25 35.87 ± 0.12de 94.6 ± 0.01ef 99.9 ± 0a 0.1 ± 0a Hongwan88 34.1 ± 0.01f 95.17 ± 0.06cd 99.9 ± 0a 0.1 ± 0a Shannong8355 40.97 ± 0.06b 95.7 ± 0.01ab 99.9 ± 0a 0.1 ± 0a Shannong1391 35.4 ± 0.26e 95.03 ± 0.06cd 99.9 ± 0a 0.1 ± 0a Gaocheng8901 36.87 ± 1.06d 94.23 ± 0.42f 99.9 ± 0a 0.1 ± 0a Wanmai54 39.1 ± 0.2c 95.33 ± 0.06bc 99.9 ± 0a 0.1 ± 0a
Note: Means within columns followed by different letter are significantly different at P = 0.05.
(LAM) contents are given in Table 4 . TAM contents of cultivars were in the range of 17.5-22.4%. And significant differences in TAM contents existed among cultivars. LAM contents of ten cultivars ranged from 3.2 to 5.8%. Gaocheng8901 had the lowest TAM content followed by Annong0305, while Shannong1391 had the highest. Significant differences were also found in the AAM contents. AAM content was positively correlated with TAM content of twelve cultivars (R = 0.9954**). The correlation analysis between granule volume distribution and total amylose contents is given in Fig. 4 . Remarkable negative correlations were found between TAM in grain and volume% of granules <2.6 μm (R = −0.7792**) (Fig. 4A ) and 2.6-10 μm (R = −0.7742**) (Fig. 4B) . However, there was a significant positive correlation between TAM and volume% of granules 22-40 μm (R = 0.7926**) (Fig. 4D) .
Discussion
Starch granule size distribution is one of the important factors affecting the quality of final products in wheat. It is currently accepted that the starch granules have two types of starch granules: the large A-granules (generally larger than 10 μm in diameter) and the small B-granules (smaller than 10 μm in diameter) at the maturity of wheat grain (Parker 1985; Peng et al. 1999; Tester et al. 2004 ). Bechtel et al. (1990) indicated the existence of another class of small granules (C-type) that were synthesized at 21 days after anthesis besides A-and B-type granules. Then they suggested that wheat starch granule distribution showed trimodal distribution. For practical purposes, C-type granules are most often considered a subpopulation of the B-type granule fraction, as they represent only a minor portion of the total endosperm starch by weight (Bechtel et al. 1990 ). However, most investigators have not found the C-type granule class (Dengate and Meredith 1984; Evers and Lindley 1977; Lu et al. 2014; Stoddard 1999) . In this study, all of the wheat cultivars confirmed a clearly bimodal distribution, and significant variation existed in these cultivars. The cutoff points for differentiating size classes of granules are different. Bechtel et al. (1990) concluded cutoff points at 5 and 16 μm, whereas these are 2.6 and 10 μm in this experiment. That could be explained by different methods of calculating starch particle size, or by the used cultivars. Raeker et al. (1998) reported volume percentage distribution of starch granules within the three size classes had ranges of 9.7-15.2% (small), 13.4-27.9% (medium), and 57.9-76.9% (large) with soft wheat cultivars. Using twelve wheat cultivars in east China's Huanghuai region, proportions of granules <2.6 μm, 2.6-10 μm, and 10-40 μm were in the range of 10.06-13.63%, 28.54-41.6%, and 45.4-61.3% of total volume, respectively. Evers and Lindley (1977) observed that granules <10 μm comprised 97.5% of the total Note: Means within columns followed by different letter are significantly different at P=0.05. Note: AAM, apparent amylose; TAM, total amylose; LAM, TAM -AAM. Means within columns followed by different letter are significantly different at P = 0.05. population with a Coulter counter. Raeker et al. (1998) also investigated the number distribution of starch granules using Malvern mastersizer model equipped with Malvern application software, and reported that the total number of starch granules was range from 99.8 to 99.9% for B-type granules. This study shows a typical population of number distribution of starch granules using laser diffraction particle size analyzer. About 0.1% of the total starch granules were made up of granules >10 μm. Proportions of granules <2.6 μm and <10 μm were in the range of 94.23-96% and 99.9% of total number, respectively. These different observations on the proportion of A-and B-type granules in total starch granules were most likely to different wheat cultivars, growing conditions and analysis methods. The A-type starch granules initiated four days after flowering. The number did not increase about seven days after flowering in size continues until maturity (Bechtel et al. 1990 ). The synthesis of B-type starch granules began about 12-14 days after flowering (Bechtel et al. 1990; Hurkman et al. 2003) . Hence, A-type starch granules possess most of the volume in spite of fewer number, compared to B-type starch granules.
The size of the starch granules has been linked directly with the content of the starch components (Jones et al. 1992; Meredith 1981) . It has been reported that a smaller starch granule has a higher amylose content than a larger one (Ni et al. 2012; Peng et al. 1999; Zhang et al. 2010 ). However, Ames et al. (1999) reported there were minor differences in amylose content between both type granules. Raeker et al. (1998) found that the amylose content was strongly correlated with B-type granule percentage. In this study, there was a significant positive correlation between amylose content and volume percentage of granule >22 μm, and a significant negative correlation between amylose content and volume percentage of granule <10 μm. That indicated that the large granules >22 μm have higher amylose content compared with small granules <10 μm.
Among the twelve cultivars used in this study, Gaocheng8901 and Annong0305, with lower amylose content, had relatively more volume percentage of B-type granules, particular of <4.8 μm granules, while the opposite results were found in Shannong1391 with higher amylose content. The results mentioned above are valuable for obtaining high quality for different end-uses in wheat production. 
